An examination is conducted on a commonly used procedure for extracting (un)polarized γn → π − p and γn → π 0 n observables from d(γ, π − )pp and d(γ, π 0 )pn data, using a model that consists of the impulse term and the final-state interaction (FSI) terms due to nucleon-and pion-exchange. Recent experimental and theoretical analyses used an extraction method that does not impose a cut on the final πN invariant mass W . I demonstrate that the use of this method can result in the γn → πN observables that are seriously distorted by the nucleon Fermi motion, and that one can efficiently avoid this problem by imposing a cut on W . It is also shown that the use of kinematical cuts of recent experimental analyses can still leave in the selected samples substantial FSI effects that must be corrected in extracting the γn → πN cross sections. In terms of the nucleon-and pion-exchange mechanisms, I give the first qualitative explanation of the FSI corrections, obtained in a recent MAMI experiment, for extracting γn → π 0 n cross sections.
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Extracting (un)polarized cross sections for pion photoproduction off the neutron, γn → π − p and γn → π 0 n, from the deuteron-target data, d(γ, π − )pp and d(γ, π 0 )pn, is an important task at photon facilities such as Jefferson Laboratory (JLab) [1] [2] [3] [4] and MAMI [5] [6] [7] [8] [9] [10] [11] , forming a base for studying the baryon spectroscopy. A commonly used procedure of extracting the γ-n cross sections is to apply a certain set of kinematical cuts to the deuteron data and assume that the selected events are from single-nucleon quasi-free processes. For an accurate extraction, however, one may wonder what corrections are needed (or not) to account for final state interaction (FSI) effects remaining in the selected events. In the MAMI analysis [7, 11] , the FSI corrections for γn → π 0 n cross sections were assumed to be the same as those for γp → π 0 p, which still needs a validation. Also, the validity of the applied cuts is a question. A theoretical analysis might answer these questions.
Tarasov et al. conducted a series of theoretical studies [1, 12, 13] on the FSI corrections needed to extract γ-n cross sections. Their model for d(γ, π)N N is equipped with two-body γN → πN , πN → πN and N N → N N elementary amplitudes generated with the SAID model [14] , and the off-shell momentum dependence of the N N → N N amplitudes (the other amplitudes) is assumed to be a monopole form [15] (constant at the onshell values). They considered the impulse, N -exchange, and π-exchange mechanisms for d(γ, π − )pp [1, 12] , and estimated FSI corrections for extracting γn → π − p cross sections. The FSI corrections were then used in JLab analyses [1, 4] . However, their extraction formula [Eq. (5) below] neglects a possible effect from the nucleon Fermi motion, which needs a validation. The authors also analyzed d(γ, π 0 )pn [13] without including the π-exchange mechanism which was assumed to be negligible. Their predicted FSI corrections for γN → π 0 N cross sections turned out to be even qualitatively different from what has been found in the MAMI analysis [7, 11] , which clearly calls for a further study.
In this Rapid Communication, I critically examine the extraction formula [Eq. (5) below] used in the JLab [1] [2] [3] [4] and theoretical analyses [12, 13] . I point out that the neutron-target observables extracted with this formula can be seriously distorted by the Fermi motion. My calculation also finds significant FSI corrections, corresponding to kinematical cuts of the recent JLab analyses [1, 3, 4] , needed to extract the neutron target observables. For the first time, I show that the FSI corrections, obtained in the MAMI analysis of d(γ, π 0 )pn [7, 11] , for γN → π 0 N cross sections are reasonably well explained by the N -and π-exchange FSI mechanisms; in particular, the π-exchange, which was ignored in Ref. [13] , plays a crucial role. While no theoretical study has been done on FSI corrections for extracting γn → πN polarization observables of the current interests [3, 10] , my analysis covers both unpolarized cross sections and polarization observables Σ, E, and G [16] .
The present analysis is based on a recently developed model for meson photoproduction off the deuteron [17, 18] .
The model includes, for both d(γ, π − )pp and d(γ, π 0 )pn, the impulse, N -exchange, and π-exchange mechanisms as in previous investigations of d(γ, π)N N [19] [20] [21] [22] . The ANL-Osaka model [23, 24] is used to generate the γN → πN and πN → πN (off-shell) elementary amplitudes that are built in the deuteron reaction model. An update of γn → N * (N * : bare nucleon resonance) coupling parameters of the ANLOsaka model has been made by including recent data for γn → π − p [3, 4] and γn → π 0 n [7, 10] in the fit [17] . The initial deuteron wave function and half offshell N N → N N amplitudes are those from the CDBonn potential [25] . Comparisons of model predictions with data for d(γ, π)N N are presented in Ref. [17] .
For extracting cross sections of γn → πN from those of d(γ, π)N N , a formula that gives a relation between them is necessary. For deriving it, one starts with the cross section formula for γ(q)
with
where p s is the spectator nucleon momentum; {x i } are a set of kinematical variables and
) is the minimum (maximum) value allowed by the cuts. Equations (2)- (4) agree with the formula presented in Ref. [12, 13, [26] [27] [28] . I also note that the relation between the γd and γn cross sections in Eqs. (2)- (4) becomes exact within my model when considering only the 'quasi-free' mechanism in which the incident photon interacts with only one of the nucleons inside the deuteron, ignoring the FSI terms, crossed terms, and the small deuteron d-state.
Equation (2) is the formula to extract the γn → πN 1 cross section at a given W from d(γ, π)N 1 N 2 data where the πN 1 pair has the invariant mass W . This formula has been used in the MAMI analyses [5] [6] [7] [8] [9] [10] [11] , but not in TABLE I. Kinematical cuts A, B, and C. The cuts on the momenta for π − (k π − ), faster proton (p f ), slower proton (ps), and on the azimuthal angle difference between π − and the faster proton (∆φ = |φ π − − φp f |) in the 4-7th rows have been used in the references listed in the second row when extracting γn → π − p observables (specified in the parentheses) from d(γ, π − )pp data for the range of the photon energies listed in the third row.
Cut A Cut B Cut C Ref.
[
301 -455 445 -2510 700 -2400
• recent JLab analyses [1, 3, 4] . The previous theoretical works [12, 13] presented a formula similar to Eq. (2), but did not use it either. The formula practically used in the JLab and theoretical analyses can be obtained by first assuming that dσ γn→πN1 (W )/d cos θ in the r.h.s. of Eq. (2) is a constant in the range of W allowed by the kinematical cuts, and then integrating both sides of Eq. (2) over W . The resulting formula is
and
The γn → πN 1 cross sections extracted with this formula is an average over a certain range of W with a certain weight determined by E γ , the Fermi motion, and the cuts. The invariant massW for this averaged cross section is usually identified with the one for the incident photon and a nucleon at rest:W = 2m N E γ + m 2 N . Equation (5) is thus based on the assumption that the average (smearing) due to the Fermi motion does not significantly invalidate this identification. I will critically examine the validity of this formula.
To proceed to a numerical study, the kinematical cuts need to be specified. I choose realistic ones, as summarized in Table I , from recent JLab analyses [1, 3, 4] where γn → π − p observables were extracted from d(γ, π − )pp data. In the previous theoretical studies [1, 12, 13] , meanwhile, simpler cuts were used. For extracting the γn → π 0 n observable, I apply the same cuts to d(γ, π 0 )pn by making obvious changes in the first column of Table I ; 'π − ' → 'π 0 ', 'Faster proton' → 'Neutron', and 'Slower proton' → 'Proton'. When extracting the γn → πN observables in this paper, I use Cut A (Cut B) for E γ = 300 (500) MeV. For E γ > 700 MeV, Cut B (Cut C) is used for extracting unpolarized differential cross sections (polarization asymmetries Σ, E, and G). I always take these choices for the cuts, unless otherwise stated.
To implement any kinematical cuts into the numerical computations, it is most convenient to use the MonteCarlo method when performing the phase-space integrals in Eqs. (1), (3), and (5). The bin sizes (resolutions) for cos θ and W are taken to be 0.1 and 10 MeV, respectively, and thus a numerical value at x (= cos θ, W ) is understood to be the average over the range of x − ∆/2 ≤ x ≤ x + ∆/2 where ∆ is the bin size. Therefore, all numerical results (except those for free γn → πN observables) are given with central values and their statistical errors associated with the Monte-Carlo method.
My investigation goes as follows. For a given choice of the kinematical cuts, my model generates By comparing the extracted dσ γn→πN (W [W ])/d cos θ with the corresponding one on a free neutron, which is calculated with the same elementary amplitudes used in calculating the γ-d cross sections, I can examine the extent to which the extracted cross sections are distorted by the FSI and/or the Fermi motion.
I first confirm in Fig. 1 [Fig. 2 ] that the extracted γn → π 0 n, π − p unpolarized cross sections [E, G] shown by the black circles reproduce the corresponding free ones given by the red dotted curves, when Eq. (2) is used for the extraction and the l.h.s. is calculated with the quasi-free mechanism only. The γ-n observables at W =W = 2m N E γ + m 2 N ≃ 1200 (1660) MeV are extracted from γ-d at E γ = 300 (1000) MeV. Cut A (Cut B) of Table I is used for E γ = 300 (1000) MeV. The absence of the black circles in the forward pion angles for E γ = 300 MeV is because these pion angles are not allowed by the kinematical cuts including the cut on W .
In the same figures, the blue crosses represent the γn → π 0 n, π − p observables extracted with Eq. (5). Because Eq. (5) does not include the W -cut, the extracted γ-n observables are an average over a range of W ∼ 1180−1210 (1600−1700) MeV for E γ = 300 (1000) MeV. These γ-n observables are clearly different from the corresponding free ones in some cases. In particular, the extracted cross sections forW = 1200 MeV are significantly smaller than the free ones. This difference can be explained as follows. The γn → πN cross sections in the W = 1180 − 1210 MeV region change rapidly and reach the ∆(1232) peak near W ≃ 1200 MeV. Because the blue crosses in Fig. 1 are the average of dσ γn→πN (W )/d cos θ over this range of W (average of a W < 1200 MeV region for cos θ > ∼ 0.7), they are necessarily smaller than the free ones at W = 1200 MeV.
At E γ = 1000 MeV (W = 1660 MeV), on the other hand, the blue crosses in Fig. 1 reproduce the free cross sections fairly well in the cos θ < 0.5 region. This is because the free cross sections in the range of W ≃ 1600− 1700 MeV has a mild and monotonic W -dependence, and hence the average is not significantly different from the free one at W =W . In cos θ > 0.5, however, the average does not cancel out the W -dependence very well, giving the extracted cross sections visibly different from the free ones.
Differences between the blue crosses and red dotted curves are also seen in Fig. 2 for the polarization asymmetries of γn → π − p, such as G atW = 1660 MeV. The difference again stems from averaging a rapid and non-monotonic W -dependence of G for the free γn → π − p around W = 1660 MeV. The asymmetry E at W = 1200 MeV also significantly deviates from the free one in cos θ > ∼ 0.3. In these pion angles, γn → π − p at W ∼ 1200 MeV in the deuteron are largely eliminated by the kinematical cuts, as implied by the absence of the black circles in cos θ > ∼ 0.6, and γn → π − p of W ∼ 1120 − 1180 MeV mainly contribute here. The average over this range of W gives the blue crosses which significantly deviate from the free E of W = 1200 MeV. Thus Figs. 1 and 2 indicate that the neutron-target observables extracted with Eq. (5) can seriously suffer from the Fermi smearing, even when using the kinematical cuts of Table I where the cut on the spectator momentum (p s ) should limit the W -range. One can avoid this problem by using Eq. (2) that includes the W -cut. Now I study FSI effects on neutron-target observables extracted using Eq. (2). I calculate d(γ, π − )pp cross sections including the impulse, N -exchange, and π-exchange (impulse and N -exchange) terms, apply the kinematical cuts, and extract γn → π − p unpolarized differential cross sections as shown by the black circles (green triangles) in Fig. 3 . The differences between these results and the free cross sections (red dotted curves) indicate that the extracted dσ γn→π − p (W )/dΩ contain some FSI effects even after the kinematical cuts have been applied. At E γ = 500 and 720 MeV, the N -exchange (π-exchange) FSI effect is to visibly reduce the cross sections in the forward (backward) pion region, which is qualitatively consistent with the findings in Ref. [12] . Meanwhile, at E γ = 1000 MeV, a reduction due to the N -exchange in the forward pion angles is canceled by an enhancement due to the impulse crossed term.
The unpolarized γn → π 0 n differential cross sections extracted from d(γ, π 0 )pn using Eq. (2) are shown in Fig. 4 (left) . FSI effects are clearly larger than in the case of γn → π − p. The N -exchange FSI largely reduce the cross sections at E γ = 300 MeV of the ∆(1232) region. This is because the deuteron component (coherent process) is included in the N N plane wave from the impulse mechanism, and is eliminated by the scattering N N 3 S 1 partial wave thanks to the orthogonality [19, 20] . Although the reduction due to the N -exchange FSI becomes smaller as the photon energy increases, it still persists in the forward pion region. Meanwhile, the π-exchange FSI effect is negligibly small at E γ = 300 MeV, as indicated by the small differences between the black circles and green triangles. As the photon energy increases, however, the π-exchange FSI significantly reduces the cross sections overall except the forward pion angles. On the other hand, in Ref. [13] where FSI corrections for extracting γn → π 0 n cross sections were theoretically estimated, the authors did not consider the π-exchange mechanism, assuming its effect negligible. As a result, the estimated FSI effects are only from the N -exchange mechanism and are visible only in the forward pion kinematics (cos θ > ∼ 0.85 for E γ = 787 MeV, for example).
The pronounced π-exchange FSI effect would call for an explanation because previous calculations [17, 19, 20, 22] showed it to be rather small for d(γ, π 0 )pn. In the proton momentum distribution of d(γ, π 0 )pn as shown in Fig. 5 , the difference between the black solid and green dotted lines represents the π-exchange FSI effect. Without kinematical cuts, the π-exchange FSI reduces (enhances) the spectrum for p p < ∼ 190 (p p > ∼ 190) MeV. The net π-exchange effect is small after integrating over p p , and the previous calculations found this small effect. When the kinematical cuts are applied, the (spectator) proton momentum distribution becomes to the one shown in the insert. Because of cutting the large spectator momentum, the enhancement due to the π-exchange has been removed and only the reduction in the small spectator momentum region remains. This reduction appears as the significant π-exchange FSI effect in Fig. 4 . The γp → π 0 p cross sections have been also extracted from d(γ, π 0 )pn and shown in Fig. 4 (right). Comparing with Fig. 4 (left) , one can see that the FSI-induced reduction factors R FSI , defined by the black circles divided by the red dotted curves (thus also including effects from the impulse crossed term), for γn → π 0 n and γp → π 0 p are within a few percents difference in most cases. This may partially support the assumption in the MAMI analysis [7, 11] that the FSI effects are the same for both. However, the FSI effects are sometimes more different. In the third row of Fig. 4 and cos θ ∼ −1, for example, R FSI ∼ 0.74 (0.81) for γn → π 0 n (γp → π 0 p). The MAMI analysis [7, 11] obtained the experimental counterpart to R FSI , denoted by R exp FSI , using their γp → π 0 p cross section data measured on hydrogen and deuterium targets. One can find that R FSI for γp → π 0 p from my calculation is qualitatively very similar to R exp FSI . For a more quantitative comparison, the same kinematical cuts as in Refs. [7, 11] should be used because the FSI effects can depend on the choice of cuts. Still, my model explains a major fraction of R exp FSI for the first time. It has been clearly shown that unpolarized differential cross sections for γn → πN extracted with Eq. (2) and the kinematical cuts listed in Table I need to be appropriately corrected for the FSI. It is however not trivial to develop a formula giving the necessary correction factors R −1 FSI , since the corrections strongly depend on E γ , W , θ (pion angle), and cuts. The use of a dynamical model, such as used in this paper, to calculate the corrections for each data analysis is perhaps necessary in practice. A final remark is that the extracted polarization asymmetries Σ, E, and G for γn → πN are numerically confirmed to be reasonably safe from distortions caused by the FSI, provided that the extraction is done with Eq. (2).
